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[57] ABSTRACT 

Fetal cells may be obtained from amniocentesis, chorionic 
villus sampling, percutaneous umbilical cord sampling or in 
vitro fertilization embryos or products of conception, but are 
preferably from maternal peripheral blood. Fetal cells may 
be enriched by density gradient centrifugation. Fetal cells 
may also be enriched by removing maternal cells With an 
antibody to a cell surface antigen, e.g. anti-CD45, either 
immobilized or by ?uorescence-activated cell sorting. Fetal 
cells are also distinguishable from maternal cells by 
staining, eg with a labeled antibody to cytokeratin or to 
fetal hemoglobin, or for fetal hemoglobin by hematoxylin/ 
eosin, or by in situ hybridization to detect one or more fetal 
mRNAs, e.g., of fetal hemoglobin or fetoprotein. Ampli? 
cation may be used in conjunction With the in situ hybrid 
ization. Fetal cells circulating in maternal blood may be 
separated by flow cytometry, sorting on their intrinsic light 
scattering properties. Fetal nucleated erythrocytes may be 
identi?ed by a label for fetal hemoglobin. Fetal cells may be 
treated to determine genetic characteristics or abnormalities, 
infectious agents or other properties by nucleic acid hybrid 
ization. Genetic abnormalities may include deletions, 
additions, ampli?cations, translocations or rearrangements. 
Multiple abnormalities may also be detected simultaneously, 
and they may be visually distinguished by color. Kits are 
provided for the disclosed procedures. 

23 Claims, 17 Drawing Sheets 
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AMPLIFICATION OF MRNA FOR 
DISTINGUISHING FETAL CELLS IN 

MATERNAL BLOOD 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a continuation of US. application Ser. No. 08/374, 
144, ?led Jan. 17, 1995, now US. Pat. No. 5,629,147, Which 
is: a continuation of US. application Ser. No. 08/094,710, 
?led Jul. 17, 1993, abandoned; and a continuation of Inter 
national patent application PCT/US94/08342, ?led Jul. 19, 
1994, Which in turn is a continuation-in-part of US. appli 
cation Ser. No. 08/094,710, ?led Jul. 17, 1993, abandoned; 
and a continuation-in-part of International patent application 
PCT/US93/06828, ?led Jul. 19, 1993, Which in turn is a 
continuation-in-part of US. application Ser. No. 07/915, 
965, ?led Jul. 17, 1992, abandoned. 

FIELD OF THE INVENTION 

This invention generally pertains to a method of enriching 
fetal cells from maternal blood and to a method for identi 
fying such fetal cells, and further to a process Whereby such 
cells are specimens in an in situ hybridization to detect 
nucleic acid sequences of clinical interest, e. g. to identify the 
sex of a fetus, and to detect genetic abnormalities and/or 
viral infections in fetal cells. 

BACKGROUND OF THE INVENTION 

The sex of a human fetus and certain fetal chromosomal 
abnormalities are conventionally detected or con?rmed by 
directly examining the chromosomes in fetal cells by cyto 
genetic analysis or by testing for speci?c sequences of DNA 
Within the chromosomes using nucleic acid analysis. These 
tests require the collection and culturing of living cells 
obtained through an outpatient surgical procedure involving 
some risk to the mother or fetus. Cells, Which have been 
shed from the fetus, may be obtained by amniocentesis. 
Amniocentesis involves inserting a needle through the 
abdominal Wall into the uterus and WithdraWing a small 
amount of amniotic ?uid. An alternative procedure involves 
sampling the tissue of chorionic villi from the surface of the 
placenta by inserting a catheter through the cervix or abdo 
men. HoWever, spontaneous miscarriage or other serious 
complications may occur in about 0.5% of amniocentesis 
procedures and about 1% of chorionic villus procedures. 
Fetal cells collected by amniocentesis or chorionic villus 
sampling are groWn in culture for several days and then 
examined for abnormalities. 

Various kinds of fetal cells have been characteriZed. Fetal 
cells include, but are not limited to, fetal erythrocytes, 
lymphocytes or trophoblasts. Trophoblasts include cytotro 
phoblast or syncytiotrophoblast cells and cells Which may be 
sampled from embryos produced by in vitro fertiliZation 
techniques. As used herein, the term “erythrocytes” includes 
erythroblasts, normoblasts and reticulocytes, as Well as 
erythrocytes, unless the contrary is clear from the context. 

It is knoWn that a small number of fetal cells circulate in 
the mother’s blood. About one in 4,000 to 7,000 fetal 
erythrocytes in the maternal blood circulation is a fetal 
nucleated red blood cell. Methods for detecting certain of the 
fetal cells and/or separating them from the mother’s blood 
have been reported. See, e.g., S. C. Yeoh et al., Prenatal 
Diagnosis 11:117—123 (1991); U. W. Mueller et al., Lancet 
336:197—200 (1990) (isolation of fetal trophoblasts by 
murine monoclonal antibodies); J. O. Price et al., Am. J. 
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2 
Obstet. Gynecol. 165 :1731—37 (1991) (fetal nucleated eryth 
rocytes Were ?oW sorted on the basis of four parameters: cell 
siZe, cell granularity, transferrin receptor, and glycophorin-A 
cell surface molecule); PCT Publication No. WO 91/07660 
to Childrens Medical Center Corp. (a method for isolating 
fetal nucleated erythrocytes by means of an antigen present 
on the cell surface of the fetal erythrocytes); PCT Publica 
tion No. WO 91/16452 of Cellpro Incorporated; and US. 
Pat. No. 5,153,117 (a method for selectively recovering fetal 
cells from a maternal blood sample Where cells of the sample 
are combined With a ?rst and second antibody labeled With 
different ?uorochromes). 

Nucleic acid hybridiZation techniques are based on the 
ability of single-stranded DNA or RNA to pair, i.e. 
hybridiZe, With a complementary nucleic acid strand. This 
hybridiZation reaction alloWs the development of speci?c 
probes, or populations of probes, that can identify the 
presence of speci?c genes (DNA) or polynucleotide 
sequences of the transcription of those genes (RNA). 
By the use of speci?c nucleic acid (RNA or DNA) probes, 

genetic markers for the gender or other genetic characteristic 
of the fetus and for infection and other disease states may be 
detected. Certain genetic diseases are characteriZed by the 
presence of genes absent in normal tissue. Other disease 
conditions are characteriZed by the expression of RNAs or 
RNA translation products (i.e. peptides or proteins) Which 
are not expressed in normal cells. Some disease states are 
characteriZed by the absence of certain genes or portions of 
genes, or the absence or alteration of expression of gene 
products or proteins. Moreover, it is often desired to char 
acteriZe the gender of animal fetuses, such as bovine fetuses, 
as Well as human. 

For background on nucleic acid genetic testing, see e.g., 
P. G. McDonough, Sem. Perinatol. 9:250—256 (1985), and 
W. G. Butler, et al, Fertility & Sterility 51:375—386. 

Solution hybridiZation methods require the destruction of 
the cell and the isolation of the nucleic acids from the cell 
before carrying out the hybridiZation reaction. These meth 
ods sacri?ce cellular integrity, spatial resolution and sensi 
tivity of detection. Where relatively feW cells are available 
for isolation, as With fetal cells circulating in maternal blood, 
solution hybridiZation is not feasible. 

Ampli?cation of nucleic acids, such as by the polymerase 
chain reaction, is a knoWn technique, but With certain knoWn 
draWbacks preventing optimal speed and ef?ciency. For 
example, such techniques may cause lysis of cells, may 
produce false positives due to sensitivity of the technique, 
and may lead to loss of speci?city Where high levels of 
ampli?cation are required to detect a target that is present in 
loW copy number. Moreover, hybridiZation of the ampli?ed 
target is required in any event, so that multiple time 
consuming steps are performed When ampli?cation is used. 

In situ hybridiZation provides a technique for the deter 
mination and quantitation of nucleic acids (DNA and RNA) 
in tissues at the single-cell level. Such hybridiZation tech 
niques can detect the presence or absence of speci?c genes 
in cells and may also be utiliZed to detect the expression of 
gene products at the single-cell level. 

In situ hybridiZation procedures are disclosed in US. Pat. 
No. 5,225,326 and copending US. patent application Ser. 
No. 07/668,751. The disclosure of each patent, patent appli 
cation and journal publication identi?ed in this patent appli 
cation is incorporated by reference. 

Despite the aforementioned knoWledge, the prior art 
remains de?cient. A truly rapid, sensitive, ef?cient and 
practical method of determining fetal gender and of detect 
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ing fetal genetic abnormalities on a routine basis Without 
invading the mother’s Womb is lacking. Thus, the present 
invention ful?lls a long-felt need and desire in this ?eld. 

SUMMARY OF THE INVENTION 

In one set of embodiments of the present invention, there 
is provided a method of identifying a fetal erythrocyte in a 
specimen. In these embodiments, cells may be obtained 
from maternal peripheral blood, umbilical cord blood, chori 
onic villus samples, etc. Cellular samples may be used 
directly or may be concentrated as stated elseWhere herein to 
enrich the population of fetal cells prior to analysis. Cells 
may be ?xed in common precipitating ?xatives or cross 
linking ?xatives or may be used in the folloWing test Without 
?xation. The procedure may be carried out With cells depos 
ited on a solid support such as a glass microscope slide or 
used With the cells in suspension. 

This method comprises the steps of obtaining a specimen 
that contains fetal cells and detecting a marker that distin 
guishes fetal cells from maternal cells also present in the 
sample. 

The most preferred method of identifying a cell as a fetal 
erythrocyte in accordance With the present invention is to 
detect the presence of RNA for fetal hemoglobin (HbF) or 
embryonic hemoglobin. Such RNA is generally messenger 
RNA (mRNA), but may alternatively or additionally include 
heteronuclear RNA (hnRNA). Also, unless the context 
requires a contrary interpretation, the term messenger RNA 
or mRNA herein includes ribosomal RNA (rRNA). The 
presence of such RNA indicates that the gene for the fetal 
protein is being transcribed and expressed. Such detection is 
preferably performed Within cells With substantially intact 
cellular membranes using in situ hybridization, preferably 
With synthetic DNA probes complementary to the fetal 
protein RNA. 

In a preferred embodiment synthetic DNA probes are 
employed, to Which chromo?uors have been covalently 
attached. The binding of such probes to fetal-cell-speci?c 
RNA Within cells may be observed under the microscope as 
a bright ?uorescence or may be detected by ?uorimetric 
apparatus. By “?uorescence” We refer to any emission of 
detectable radiation as a result of excitement With radiation 
of a different Wavelength than that emitted. The exciting 
radiation is conventionally ultraviolet or visible light but 
may be infrared or other electromagnetic radiation. 

Another preferred embodiment employs synthetic DNA 
probes Which are directly labeled, or may be indirectly 
labeled With enZymes such as alkaline phosphatase. The 
binding of such probes to fetal RNA folloWed by subsequent 
reaction of the enZymes With substrates to produce a detect 
able product (eg blue or purple solid precipitated from the 
reaction of BCIP with NET) may be observed under the 
microscope. 

The information resulting from such an assay may be used 
not only to identify the status of the fetus, as Will be 
discussed more particularly beloW, but also to provide a fetal 
hemoglobin estimation based on the number of fetal eryth 
rocytes detected, e.g. so as to assess the amount of fetal 
maternal hemorrhage in case of Rh incompatibility. The 
amount of speci?c gamma globulin, containing anti Rh(D) 
to be administered, is calculated from this estimation, to 
suppress maternal immune reaction to fetal red blood cells 
entering maternal circulation. 

Another method for identifying fetal erythrocytes is to 
detect a substance that is present in fetal cells but not in the 
maternal blood cells Which Would be present in the sample. 
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4 
One such substance Which is particularly effective for such 
detection is fetal hemoglobin, Which may be detected by a 
stain such as acid hematoxylin and eosin B (e.g. Sigma 
Diagnostics, PO. 14508, St. Louis, Mo. 63178, cat. no. 285) 
or by an antibody to fetal hemoglobin. Another such sub 
stance is the Y chromosome present in male fetal cells but 
absent from the cells of the mother that may be detected by 
in situ hybridiZation. 

Yet another method for identifying fetal cells is to detect 
an RNA and a peptide that are present in fetal cells. The 
RNA may be detected by nucleic acid hybridiZation, and the 
peptide may be detected as aforesaid, by the binding of an 
antibody thereto or by staining. 

In another embodiment of the invention, a fetal-cell 
speci?c RNA sequence is detected by hybridiZation as 
aforesaid, along With another marker for the cells of interest, 
such as staining of fetal hemoglobin by hematoxylin and 
eosin or such as binding of a labeled monoclonal antibody 
With an antigen present in the cells of interest. 

Another embodiment of the present invention detects the 
presence of at least tWo different RNAs in a cell. Fetal cells 
contain unique mRNAs or mRNA species Which are pro 
duced in cell types Which do not normally contain the 
particular mRNA species. The detection of these RNAs, 
Whether detected as mRNAs or hnRNAs can serve to 

identify cells, or even subcellular fractions, as fetal or 
embryonic in origin. 

Certain RNA populations are present in high abundance 
(e.g., fetal hemoglobin in fetal nucleated red blood cells), 
other fetal- or embryonic-speci?c RNAs are present in loW 
abundance, either alone or even When measured in a popu 
lation of fetal-speci?c RNAs. In addition, certain RNA 
species, While produced in certain fetal cells, may also be 
produced in certain maternal cells. HoWever, there are 
situations Where fetal cells express tWo or more particular 
RNAs in the same cell While maternal cells from the same 
specimen source do not contain both RNA species in the 
same cell. The ability to detect multiple mRNA or hnRNA 
species simultaneously in the same cell thereby enhances the 
ability to distinguish fetal cells from non-fetal (e.g. 
maternal) cells and offers a means of combining the signal 
produced When only the unique set of RNAs is present so 
that a speci?c signal is detected, Which uniquely identi?es 
fetal erythrocytes. In one embodiment of the invention, tWo 
or more RNA sequences are detected, using one or more 
probes for a ?rst RNA sequence and one or more probes for 
a second RNA sequence. The probes for the ?rst sequence 
are labeled to provide a ?rst signal, such as a greenish 
?uorescence, and the probes for the second sequence are 
labeled to provide a signal that is different from the ?rst 
signal, such as a reddish ?uorescence. When the combina 
tion of both signals are detected in a single cell, Which in this 
illustration Would appear as an orange ?uorescence, then 
both RNAs are found and thus a fetal cell has been detected. 

In a particular embodiment of the aforesaid process, DNA 
probes are prepared for fetal hemoglobin RNA, labeled With 
a ?rst ?uorescer, such as ?uorescein. DNA probes are also 
prepared for RNA of embryonic hemoglobin, 6 chain, 
labeled With a second ?uorescer, such as Cy5. DNA probes 
are also prepared for RNA of embryonic hemoglobin, E 
chain, labeled With a third ?uorescer, such as Cy3. When all 
three of these RNAs are detected in a single cell, the cell 
observed under a ?uorescent microscope lights up With an 
intense orange ?uorescence, being the addition of the 
yelloW-green of ?uorescein, yelloW-orange of Cy3, and 
reddish of Cy5. Such a procedure also may be automated. 




























































